Tomography by neutrino pair beam by Asaka, Takehiko et al.
OU-HET 973
Tomography by neutrino pair beam
Takehiko Asaka, Hisashi Okui1, Minoru Tanaka2 and Motohiko Yoshimura3
Department of Physics, Niigata University, 950-2181 Niigata, Japan
1 Graduate School of Science and Technology, Niigata University, 950-2181 Niigata, Japan
2 Department of Physics, Graduate School of Science,
Osaka University, Toyonaka, Osaka 560-0043, Japan
3 Research Institute for Interdisciplinary Science, Okayama University,
Tsushima-naka 3-1-1 Kita-ku Okayama 700-8530 Japan
(May 28, 2018)
Abstract
We consider tomography of the Earth’s interior using the neutrino pair beam which has re-
cently been proposed. The beam produces a large amount of neutrino and antineutrino pairs
from the circulating partially stripped ions and provides the possibility to measure precisely the
energy spectrum of neutrino oscillation probability together with a sufficiently large detector. It
is shown that the pair beam gives a better sensitivity to probe the Earth’s crust compared with
the neutrino sources at present. In addition we present a method to reconstruct a matter density
profile by means of the analytic formula of the oscillation probability in which the matter effect is
included perturbatively to the second order.
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1 Introduction
Our understanding of neutrino has improved greatly since the end of the last century. The obser-
vation of flavor oscillations of neutrinos has shown the presence of non-zero masses of neutrinos
contrary to the prediction of the Standard Model. This is a clear signature of new physics beyond the
Standard Model. Thanks to the remarkable efforts of various neutrino experiments, the mass squared
differences and mixing angles of (active) neutrinos have been measured very precisely at present [1].
The origin of neutrino masses is, however, unknown and then it is important to investigate the funda-
mental theory of neutrino physics. Moreover, it should be useful to consider seriously the application
of neutrino physics to various fields of basic science.
In the Standard Model neutrinos are unique matter particles which possess only the weak in-
teraction (in addition to gravity), and their interaction rates are very suppressed accordingly. It is
found that most of them can penetrate the Earth without a scattering when the energy is smaller
than O (105) GeV [2]. This shows that neutrinos can be used to probe the deep interior of the Earth.
The idea of the neutrino tomography has been pointed out in the 1970s [3, 4]. By measuring
the absorption rates of neutrinos passing through the object from different angles, the image of the
object can be reconstructed. This is similar to the computed tomography using x-rays, which enables
us to probe inside solids without destruction. This method is called as the the neutrino absorption
tomography [3]–[23]. In addition to this there have been proposed two other methods of neutrino
tomography. One is the method using neutrino oscillations [24]–[44], and the other is the tomography
using neutrino diffraction [45, 46].
The former one utilizes the energy spectrum of the neutrino oscillation probability, which is dis-
torted, compared to the vacuum one, by the interaction with matter through which neutrinos pass
from the production to the detection point. The distortion pattern depends on the profile of the num-
ber density of electron in matter, that can be translated into the matter density profile by assuming
the charge neutrality and the equality of neutron and proton numbers in matter. It is then possi-
ble to probe the deep interior of the Earth by measuring the oscillation probability at the sufficient
accuracy.
In this letter we revisit the possibility to realize the neutrino oscillation tomography. The main dif-
ficulties of its feasibility include the lack of the powerful neutrino source and no established method
to reconstruct the profile of the Earth’s interior compared with the medical computed tomography.
As for the first difficulty we consider the neutrino pair beam proposed in Refs. [47, 48]. It has been
shown that pairs of neutrino and antineutrino can be produced from the partially stripped ions in
circular motion at a larger rate than the current neutrino sources from pion and muon decays.
On the other hand, the second one is inherent in the tomography using the oscillation between
flavor neutrinos. It has been shown [49, 50, 51] that the flavor oscillation probability with the density
profile ρ(x) is the same as that with ρ(L− x) where x = 0 or L is the production or detection posi-
tion, if only two flavors of neutrinos are considered. In general the να → νβ oscillation probability
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P (να → νβ) with ρ(x) is equal to P (νβ → να) with ρ(L − x) and an opposite sign of the Dirac-type
CP-violating phase [51]. Because of the unitarity conditions 1 = ∑αP (να → νβ) = ∑βP (να → νβ)
and the absence of the Dirac-type CP-violation in the two-flavor case P (να → νβ) is invariant un-
der ρ(x) → ρ(L− x). Even for the realistic three flavor case the invariance holds for the oscillations
νe → νe and ν¯e → ν¯e [52, 53] since they are independent on the Dirac-type phase.#1 In such cases
unambiguous reconstruction of ρ(x) is possible only if the profile has the symmetric property with
ρ(x)= ρ(L− x). Otherwise, there exist degenerate solutions of reconstruction. It has been, however,
proposed that the difficulty can be avoided by using the transition probability of mass eigenstate to
flavor eigenstate, which can be realized for the solar and supernova neutrinos [54, 32]. Here we fo-
cus on the reconstruction of the symmetric density profile with ρ(x)= ρ(L− x), and provide a useful
procedure of its reconstruction. Procedures so far proposed are based on the χ2 analysis (see, for
example, Refs. [27, 28]), the inverse Fourier transformation [32], and so on. The advantage of ours is
that the reconstruction with a sufficient spatial resolution is possible even with a low numerical cost.
This letter is organized as follows: In section 2 we briefly review the neutrino oscillation in matter
and present the analytic formula of the oscillation probability based on the perturbation of the mat-
ter effect, which will be used to reconstruct the density profile ρ(x). In section 3 it is discussed the
oscillation tomography using the neutrino pair beam. We show the possibility of the tomography un-
der the ideal situation. It is then considered how to reconstruct ρ(x) in section 4. Finally, our results
are summarized in section 5.
2 Neutrino Oscillation in Matter
We begin with briefly reviewing the neutrino oscillation with matter effects [55, 56, 57]. The transition
amplitude of the να→ νβ oscillation (α,β= e,µ,τ) at the distance x from neutrino source is denoted
as
Aβα(x)= 〈νβ|να(x)〉 , (1)
where the initial condition is |να(0)〉 = |να〉. It satisfies the following evolution equation.
i
d
dx
Aβα(x)=
[
HF0 +V F (x)
]
βγ Aγα(x) . (2)
Here and hereafter we assume that all the neutrinos are ultrarelativistic. The free Hamiltonian in the
basis of flavor neutrinos is HF0 is given by
HF0 =U H0U † with H0 = diag
(
m21
2Eν
,
m22
2Eν
,
m23
2Eν
)
, (3)
#1 This discussion cannot be applied to the case with sterile neutrinos [51].
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where Eν is a neutrino energy, mi (i = 1,2,3) is a neutrino mass eigenvalue andUαi is the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) mixing matrix [58, 59]. The effective potential in the flavor basis is
given by
V F (x)= diag
(p
2GF ne(x) , 0 , 0
)
, (4)
where GF is the Fermi constant and ne(x) is the number density of electrons at the distance x. By
taking np = nn = ne and mp =mn in matter ne can be written as
ne(x)= ρ(x)
2mp
. (5)
The matter density profile is denoted by ρ(x). The oscillation probability measured by the detector at
the distance x = L is given by
P (να→ νβ;Eν)=
∣∣Aβα(L)∣∣2 , (6)
where the initial condition of the amplitude is Aαγ(0)= δαγ. On the other hand, the amplitude of the
antineutrino mode A¯βα(x)= 〈ν¯β|ν¯α(x)〉 is obtained by the replacementsU →U∗ and V F →−V F .
The oscillation probability for a given matter density profile can be obtained by solving numeri-
cally Eq. (2). On the other hand, when the matter effect is sufficiently small, it is obtained analytically
based on the perturbation theory [50, 60]. We shall expand the amplitude as
Aβα(x)= A(0)βα(x)+ A(1)βα(x)+ A(2)βα(x)+·· · , (7)
where A(n)
βα
(x) is the n-th order correction of the matter effect. The explicit expressions up to the
second order are
A(0)
βα
(x)=Uβ jU∗α j e−iE j x , (8)
A(1)
βα
(x)=−iUβ jU∗e jUekU∗αke−iE j x
∫ x
0
dx1e
i (E j−Ek )x1v(x1) , (9)
A(2)
βα
(x)=−Uβ jU∗e jUekU∗ekUelU∗αle−iE j x
∫ x
0
dx1
∫ x1
0
dx2e
i (E j−Ek )x1e i (Ek−El )x2v(x1)v(x2) , (10)
where Ei = m
2
i
2Eν
and v(x) is given by the density profile as
v(x)= GFp
2mp
ρ(x) . (11)
The oscillation probabilities at x = L up to the second order are then given by
P (0)(να→ νβ;Eν)= |A(0)βα(L)|2 , (12)
P (1)(να→ νβ;Eν)= A(0)βα∗(L)A(1)βα∗(L)+h.c. , (13)
P (2)(να→ νβ;Eν)= |A(1)βα(L)|2+
[
A(0)
βα
∗(L)A(2)
βα
∗(L)+h.c.
]
, (14)
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When there are only two flavors of neutrinos (νe and νµ), the mixing matrix is given by
U =
(
cosθ sinθ
−sinθ cosθ
)
, (15)
which leads to the zeroth and first order probabilities
P (0)(νe → νe ;Eν)= 1− sin2(2θ)sin2
(
ΦL
2
)
, (16)
P (1)(νe → νe ;Eν)= 1
2
sin2(2θ)cos(2θ)
∫ L
0
dx1v(x1)
[
sin(ΦL)− sin(Φx1)− sin(Φ(L−x1))
]
, (17)
where the mass squared difference ∆m2 =m22−m21 and
Φ= E2−E1 = ∆m
2
2Eν
. (18)
On the other hand, the second order expression is given by
P (2)(νe → νe ;Eν)= P (2a)(νe → νe ;Eν)+P (2b)(νe → νe ;Eν) , (19)
where
P (2a)(νe → νe ;Eν)=
[
cos8θ+ sin8θ+2cos4θ sin4θcos(ΦL)]G21(L)
+cos4θ sin4θ [G22(L)+G23(L)]
+2(cos4θ+ sin4θ)cos2θ sin2θG1(L)G2(L) , (20)
P (2b)(νe → νe ;Eν)=−2
∫ L
0
dx1
∫ x1
0
dx2 v(x1)v(x2)
{
+cos8θ+ sin8θ
+cos2θ sin2θ (cos4θ+ sin4θ)[cos(ΦL)+cos(Φx2)
+cos(Φ(x2−x1))+cos(Φ(x1−L))
]
+2cos4θ sin4θ [cos(Φ(x2−L))+cos(Φx1)+cos(Φ(x2−x1+L))]} . (21)
Here we have introduced the functions
G1(x)=
∫ x
0
dx1v(x1) , (22)
G2(x)=
∫ x
0
dx1v(x1)
[
cos(Φx1)+cos(Φ(x−x1))
]
, (23)
G3(x)=
∫ x
0
dx1v(x1)
[
sin(Φx1)+ sin(Φ(x−x1))
]
. (24)
Note that the probabilities for the antineutrino mode is obtained by replacing v(x) → −v(x). The
energy spectrum of the oscillation probability obtained by the perturbation theory will be used to
reconstruct the matter density profile, which will be discussed in Section 4.
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Figure 1: Deviation of neutrino oscillation probability P (ν¯e → ν¯e) from the vacuum one (right panel)
due to the matter effect of the three different density profiles shown in the left panel. The width of the
lump is taken as Dl = 100 km (red solid line), 50 km (magenta dotted line) and 30 km (blue dashed
line), respectively.
In the present analysis the oscillation with two-flavor neutrinos (νe and νµ) is investigated for the
sake of simplicity. The study with the realistic three flavor case will be discussed elsewhere [61]. The
mixing angle θ and mass squared difference ∆m2 in vacuum are taken as
sin2θ = 0.306, ∆m2 = 7.50×10−5 eV2 , (25)
which correspond to those associated with the solar neutrino oscillation [1].
We consider for instance the matter density profile given by
ρ(x)= ρ¯+ (ρl − ρ¯)exp
[
−
(
x− L2
)2
D2l
]
, (26)
where the background mass density is ρ¯ and it is taken as ρ¯ = 2.7 g/cm3 by considering the continen-
tal crust. In addition the lump with a density ρl and a width Dl is located at the center L/2.
We show in Fig. 1 the deviation of the oscillation probability from the vacuum one as a function
of neutrino energy when the lump density is ρl = 8.0 g/cm3 that is close to the iron one. It is seen that
the deviation changes in accordance with the density profile. This correspondence is the essence of
the oscillation tomography. Furthermore, the deviation due to the matter effect is not so large and
then the precise measurement of the energy spectrum is a key for the realization of the tomography.
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3 Tomography by Neutrino Pair Beam
The strong source of neutrino pairs consisting ofνα and ν¯α (α= e,µ,τ) has been proposed recently [47,
48]. The neutrino pairs are emitted from circulating heavy ions which are in a quantum mixed state
cosθc |g 〉 + e−i²eg t sinθc |e〉 where the ground state of the ion |g 〉 mixes with its appropriate excited
state |e〉 by the mixing angle θc . The energy gap of these state is denoted by ²eg and the coherence
(mixture) is quantified by ρeg = sin θc2 . The properties of this neutrino pair beam are as follows: the
maximal value of the energy sum of neutrino and antineutrino is Em = 2γ²eg where γ is the Lorentz
boost factor of the circulated ions, the beam is well focused for the large γ region and the effective
angular area is approximately given by 1/γ2, and the spectrum of a neutrino (or an antineutrino) with
energy Eν is given by [47]
dΓ
dEν
= 1
21×210×p6pipi4 aN |ρeg |
2√ρ²egG2FE4m 1γ f (Eν/Em) , (27)
where the function f (x) is given by
f (x)=px
∫ 1−x
0
dyy
1
2 (y +x) 54 (1−x− y) 74 , (28)
and a represents factors of the transition dipole moment and the number of neutrino generations. In
this analysis we consider the vector current contribution of neutrino interaction with ionic electron
since it gives the oscillation behavior in the probability of the single neutrino detection (while the
other neutrino of the pair is undetected) [62]. N and ρ are the number and orbital radius of circulated
ions. Note that, when x¿ 1, the function f (x) is approximately given by
f (x)' 0.0494px . (29)
As representative values we take here aN |ρeg |2 = 108, γ= 104, ρ = 4 km and ²eg = 50 keV as in Ref. [47].
In this case the maximum energy is Em = 1 GeV and the total rate of the pair production is estimated
as 5.26×1016 s−1.
The high intensity ν¯e beam, called as the beta beam [63], has been proposed. Its flux is much
larger than the current accelerator experiments as 2.3 cm−2 s−1. On the other hand, that of the pair
beam is estimated as 4.65×108 cm−2 s−1, which clearly shows that the precise measurement of the
energy spectrum of the oscillation probability is expected.
In this analysis we consider the detector with liquid argon of fiducial volume 105 m3. The signal
event is given by the number of the ν¯e charged current interaction ν¯e +p→ e++n. The cross section
is obtained at low energies
σ(Eν)=
|Vud |2E2νG2FmN
3pi(2Eν+mN )3
[
16(g 2V + gAgV + g 2A)E2ν+12EνmN (g 2V + gV gA+2g 2A)+3m2N (g 2V +3g 2A)
]
' 9.34×10−44 cm2
(
Eν
MeV
)2
for Eν¿mN , (30)
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where mN is a nucleon mass (mN =mp), gV = 1 and gA = 1.2695. The number of the signal events
N (Eν) for the energy region [Eν,Eν+∆Eν] in the detector located at L from the source is given by
N (Eν)' dΓ
dEν
∆Eν
γ2
4piL2
P (Eν,L)σ(Eν)nN Vd T , (31)
where Vd and nN is the volume and the nucleon density of the detector
#2 and T is the duration of
the observation. Here the area of the detector is assumed to be smaller than 4piL2/γ2. It is then for
Eν¿ Em that
N (Eν)' 4.73×107×P (ν¯e → ν¯e ;Eν)
(
Eν
100 MeV
) 5
2
(
∆Eν
1 MeV
)(
300 km
L
)2 ( Vd
105 m3
)(
T
1 year
)
. (32)
Here we have used the facts that, although the beam produces the pairs of neutrino and antineutrino
with all flavors through the charged and neutral current interactions, the dominant one is the pairs
of νe and ν¯e , and that the detection probability of ν¯e (while the other νe of the pair is undetected) is
approximately given by the neutrino oscillation probability P (ν¯e → ν¯e ;Eν) [62]. It is seen that a large
number of ν¯e events can be detected even at L = 300 km.#3
In order to show the significance of the use of the neutrino pair beam quantitatively, we perform
the χ2 analysis and show how precise the width and density of the lump can be reconstructed when
the density profile is given by Eq. (26). We consider the case when the energy spectrum is measured
for 100 bins (Nb = 100) from Eν = 2 MeV to 100 MeV,#4 and ∆χ2 is introduced by
∆χ2 =
Nb∑
i=1
[
N (Ei )|D∗,ρ∗ −N (Ei )|Dl ,ρl
]2
σ2(Ei )
, (33)
where the true values of width and density of the lump are taken as Dl = 30 km and ρl = 8.0 g/cm3.
Here we take into account only the statistical error and σ(Ei )=
√
N (Ei )|Dl ,ρl .
In Fig. 2 contour plots of ∆χ2 in the D∗-ρ∗ plane are presented for three different cases. The lines
with ∆χ2 = 2.3 (1σ level) and ∆χ2 = 11.83 (3σ level) [64] are shown. It is seen that there is an ap-
proximate degeneracy between D∗ and ρ∗. This is because the leading contribution to the oscillation
probability from the lump is proportional to the combination ∆ρ∗D∗ where ∆ρ∗ = ρ∗− ρ¯. This de-
generacy is broken by the higher order corrections of∆ρ∗ and D∗. The pair beam can probe the lump
at the 1 σ level as
(A) D∗ = 50+5.9−5.9 km and ρ∗ = 8.0+0.62−0.48 g cm−3 ,
(B) D∗ = 50+2.5−2.4 km and ρ∗ = 16+0.58−0.53 g cm−3 ,
(C) D∗ = 100+8.2−7.1 km and ρ∗ = 8.0+0.22−0.21 g cm−3 ,
(34)
#2 For the detector of liquid argon ρ = 1.4 g/cm3 and nN = NAρ/(40mp ) = 0.035NA cm−3 where NA is the Avogadro
constant.
#3 The number of ν¯e events in the energy region Eν = 2.6–8.5 MeV for one year at KamLAND is O (102) [65], and that for
the present case is 2.99×106.
#4 The neutrino energy threshold of ν¯e +p→ e++n is E∗ = [(mn +me )2−m2p ]/(2mp )' 1.806 MeV [2].
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Figure 2: Contour plot of ∆χ2 in the D∗-ρ∗ plane. The true values of the width and density of the
lump are taken as (A) Dl = 50 km and ρl = 8.0 g/cm3, (B) Dl = 50 km and ρl = 16 g/cm3, and (C)
Dl = 100 km and ρl = 8.0 g/cm3, respectively. ∆χ2 = 2.3 (1σ level) is shown by blue dashed lines and
∆χ2 = 11.83 (3σ level) is shown by red solid lines.
It is, therefore, found that the neutrino pair beam provides the powerful tool to realize the oscil-
lation tomography. The density and width of the lump can be reconstructed accurately if one takes
into account the statistical error only. In order to obtain the realistic precision of the reconstruction
we have to include various systematic errors in production, propagation and detection rates as well
as the mass squared difference and mixing matrix of neutrinos. This issue is beyond the scope of this
analysis.
4 Reconstruction of Density Profile
Next, we turn to discuss the reconstruction procedure ofρ(x). One of the serious problems to perform
the reconstruction is the degeneracy of the oscillation probabilities. In two-flavor neutrino case the
probability between flavor neutrinos with the density profile ρ(x) is the same as that with ρ(L− x).
This means that the measurement of the energy spectrum of the oscillation probability is insufficient
for the reconstruction when the density profile is asymmetric, i.e. , ρ(x) 6= ρ(L−x). The reconstruction
without ambiguity is possible only for the symmetric density profile with ρ(x)= ρ(L− x). It has been
pointed out [54, 32] that this difficulty is absent when one uses the solar and supernova neutrinos to
probe the interior of the Earth. This is because the initial neutrinos before entering the Earth are not
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in the flavor eigenstate but in the mass eigenstate due to the MSW effect.
The tomography by the neutrino pair beam under consideration relies on the oscillation proba-
bility of ν¯e → ν¯e as explained in the previous section, and hence we are faced with this problem. In
this analysis we merely assume the symmetric profile to avoid it, which is the first step towards the
analyses of more complicated profiles.
Another difficulty of the reconstruction is the cost of numerical calculations. To reduce it we
would like to propose a method based on the perturbation of matter effects. Other methods will be
discussed elsewhere [61]. Notice that the matter effects can be treated perturbatively for [60]
∆m2
2Eν
> GFp
2mp
ρ . (35)
Thus, the matter density and the neutrino energy should be sufficiently small for a given ∆m2.
Our proposed method for the reconstruction is as follows: (i) First, we discretize the neutrino
baseline into the NL segments. We take here NL = 60 as an example. The matter densities at each
segment ρi = ρ(xi ) (i = 1,2, · · · ,NL) are taken as free parameters, which will be determined by using
the χ2 fit to the energy spectrum of the oscillation probability.
(ii) Second, we also divide the energy range of interest into the NE parts. Here the minimum
energy is taken as 2 MeV, which is larger than the threshold energy of ν¯e for the charged current
interaction (see the discussion in the previous section). On the other hand, the maximum energy is
taken as 100 MeV which is sufficiently small to justify the perturbative treatment of the matter effects.
(See Eq. (35)). Here we divide into the NE = 100 parts of even intervals.
(iii) Finally, we determine the densities ρi by minimizing the χ2 function which compares the
experimental data Nobs(Ei ) for a given density profile ρ(x) with the theoretical predictions N th(Ei )
from unknown ρi . The explicit form of the χ2 function is
χ2 = ∑
i=1,NE
[
Nobs(Ei )−N th(Ei )
]2
σ2(Ei )
, (36)
where σ(Ei ) =
√
Nobs(Ei ). In this analysis we take the number of signal events in Eq. (31) estimated
from the oscillation probability including the precise matter effect as the observation one Nobs(Ei ).
On the other hand, the theoretical one N th(Ei ) is estimated from the analytical expression of the
oscillation probability obtained by the perturbation. The use of the perturbative expression is crucial
in reducing the numerical cost to reconstruct ρi .
First of all, we show the results for the case with the flat density profile
ρ(x)= ρ¯ = 2.7 g/cm3 . (37)
As shown in Fig. 3, the reconstruction by using the probability with the first order correctionP (1)(ν¯e →
ν¯e ;Eν) is found to be unsuccessful in the present case. On the other hand, when we include the
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Figure 3: Results of the reconstruction of the flat density profile with ρ(x) = ρ¯ = 2.7 g/cm3. We use
the analytic expressions of the energy spectra at the first order (left panel) and the second order (right
panel), respectively. The true density profiles are shown by blue lines, while the reconstructed ones
are shown by red points.
second order correction P (2)(ν¯e → ν¯e ;Eν), the density profile can be reconstructed within a certain
error. It is found that the precision of the reconstruction is O (10) % except for the regions near the
production and detection points.
Next, we perform the reconstruction of the density profile with a bump or a dip by using the
second order expression. The results are shown in Fig. 4. The density at the center for the bump is
taken as 8 g/cm3 which is close to the value for iron, and that for the dip is 1 g/cm3 which is for water
(with a pressure of one atmosphere). It is seen that the profiles can be reconstructed well except for
the regions near the production and detection points.
We have found that our proposed method at the second order perturbation works successfully.
A rather complicated profile can be reconstructed as long as the density profile is symmetric ρ(x) =
ρ(L− x). See, for example, Fig. 5. It should be stressed that this method can operate even with the
limited numerical cost because of the analytical expression of the oscillation probability.
Finally, we have observed that the minimum energy in the oscillation probability used for the
reconstruction is important to obtain a better result. In the present analysis we take 2 MeV because
of the threshold energy of the ν¯e detection process. As the minimum energy becomes smaller, the
result of the reconstruction becomes better. We have found in such cases that the reconstructed
densities even near the production and detection points become close to the true values. In addition,
the oscillatory behavior of the reconstructed profile at the flat density region becomes changed so
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Figure 4: Results of the reconstruction of the two density profiles. The density at the center is ρ =
8 g/cm3 that is for iron (left panel) and 1 g/cm3 for water (right panel). The true density profiles are
shown by blue lines, while the reconstructed ones are shown by red points.
that both amplitude (deviation) and wavelength (interval) become smaller, which leads to the better
fit. In other words, the main source of the gap from the true profile might be the fact that we can use
the oscillation probability for the limited energy range. Especially, those at low energies give a precise
information of the density profile. Moreover, the corrections of matter effect at higher orders are also
the source of errors in the reconstruction.
5 Conclusions
We have investigated the oscillation tomography using the neutrino pair beam. It has been shown
that the beam can offer the powerful neutrino source to probe the Earth’s interior and the precision
of the reconstruction of the density profile becomes improved considerably. In addition, we have
proposed the tomography method based on the perturbation of matter effects in the oscillation prob-
abilities. This method works only for the symmetric profile with ρ(x) = ρ(L− x) under the situation
we have discussed. It has been demonstrated that the profile can be reconstructed well by including
the second order correction. We believe that these two ingredients give considerable progress toward
the realization of the neutrino tomography.
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Figure 5: Result of the reconstruction of the symmetric density profile. The true density profile is
shown by blue line, while the reconstructed one is shown by red points.
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